Introduction
Over the last few years it has been recognized that a number of eukaryotic viruses use a highly efficient, programmed ribosomal frameshift mechanism to control expression of their replicases (reviewed in [ 11) . Ribosomal frameshifting is a directed change in translational reading frame that allows the production of a single protein from two (or more) overlapping genes, and was first described in 1985 as the mechanism by which the gag-pol polyprotein of the retrovirus Rous sarcoma virus is expressed from the overlapping gag and pol open reading frames (ORFs) [2] . Related frameshift signals have since been documented in an increasing number of systems, including several other retroviruses, a number of eukaryotic positive-strand RNA-containing viruses, a double-stranded RNA virus of yeast and some plant RNA viruses (reviewed in [3] ). The phenomenon is not restricted to viruses; frameshift signals of the 'retrovirus type' have recently been found in a number of Escherichia coli insertion elements (reviewed in [4] ) and in a cellular gene, the dnaX gene of E. coli [S] . In this paper, I will describe the ck-acting mRNA elements implicated in frameshifting, and discuss two experimental approaches I and my co-workers are taking to investigate the mechanism of the process.
mRNA elements that signal frameshifting
Work from several groups has shown that the signals for the frameshift event reside in the nucleotide sequence of the RNA around the site at which frameshifting occurs. These ck-acting sequences have been studied in a number of retroviruses (and a related yeast RNA virus), but perhaps the bestunderstood signal is in the genomic RNA of infectious bronchitis virus (IBV [6] [7] [8] [9] ), a member of the coronavirus group. The IBV genome is a singlestranded 27.6 kb RNA of positive polarity and can therefore act as a messenger RNA in infected cells.
The 5' end of the genomic RNA contains two very large ORFs, la and lb, which have the capacity to encode polypeptides of 440 kDa and 300 kDa respectively (see Figure 1) . The predicted amino acid sequence contains a putative RNA-dependent RNA polymerase, is located downstream of and overlaps the l a ORF by 42 nt and is in the -1 reading frame with respect to la. This arrangement closely resembles the organization of the gag and pol genes of a number of retroviruses, and its discovery raised the possibility that l b may be expressed by ribosomal frameshifting [ 101. T o test this hypothesis, a cDNA copy of the l a / l b junction was placed under the control of a promoter for the SP6 phage RNA polymerase in a transcription vector and synthetic mRNAs prepared from this plasmid translated in a cell-free protein synthesizing system derived from rabbit reticulocytes. The results showed that the mRNA directed the synthesis of two polypeptides, one corresponding to the upstream la O W only, and the other representing a -1 frameshift product containing sequences both from the l a and from the l b ORFs [6] . The frameshift event was highly efficient, with about 30% of ribosomes changing frame within the l a / l b overlap region. Using this approach, we defined an 86 nt stretch encompassing the l a / l b overlap that contains all the necessary signals for efficient frameshifting in a heterologous genetic context [7] .
The slippery sequence
The 5' boundary of the essential 86 nt region was the sequence ULTUAAAC, and this is the site in IRV where the ribosome changes frame [9] . Of the ribosomes that enter in the l a frame (U LJUA AAC), some 30% leave in the l b frame (UUU AAA). Similar heptanucleotide stretches containing two homopolymeric triplets with the general organization XXXYYYN have been found at all of the frameshift sites analysed to date, and have been termed 
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IBV genomic RNA (27.6 kb) cap POlY A UUGCUAGUGGAUGUGAUCCUGAUGUUGUAAAG-
codon positions (see Figure 2 ). After translocation, translation proceeds in the -1 frame.
RNA pseudoknots
The slippery sequence in itself, however, is insufficient for frameshifting, and additional information downstream is required. In IBV, this information is in the form of an RNA pseudoknot [7] , an unusual kind of RNA structure that is formed when the nucleotides in the loop of a hairpin-loop structure base-pair with a region outside the loop [ 121. This interaction forms an additional stem (stem 2) that can be stacked co-axially on to the first stem (stem 1) to generate an extended, quasi-continuous helix connected by two single-stranded loop regions (loops 1 and 2; see Figure 1 ). RNA pseudoknots were first recognized experimentally during studies on the folding of the 3' end of turnip yellow mosaic virus RNA, and since this time have been found in virtually all classes of RNA, including ribosomal RNAs, catalytic and self-splicing RNAs and messenger RNAs (reviewed in [13] ). The discovery of the IBV pseudoknot was the first demonstration that such structures could contribute to translational regulation in eukaryotic cells [14] . RNA 
Probing the mechanism of the frameshift process
Although the cis-acting mRNA signals that specify frameshifting are reasonably well-characterized, the precise mechanism of the process remains unknown. In IHV, the requirement for a pseudoknot appears to be absolute, since a simple stem-loop containing a base-paired stem of the same length and base-pair composition as the stacked stems of the pseudoknot cannot replace the pseudoknot in frameshifting [8] . It has been speculated that the role of the pseudoknot is to act as a barrier to translation, perhaps pausing ribosomes over the slippery sequence and increasing the likelihood that the ribosome-bound tRNAs can realign in the -1 phase [ll] . This is supported by the observation that the slippery sequence and the RNA pseudoknot are precisely positioned; insertion or deletion of a single nucleotide within the six nucleotide 'spacer' region that separates the two elements is sufficient to greatly reduce frameshifting [ 91. 
Ribosomal pausing
We have investigated whether an RNA pseudoknot structure can induce ribosomal pausing by introducing a pseudoknot-forming sequence within a reporter mRNA (in the absence of a slippery sequence) and testing whether its presence could present a barrier to the elongating ribosome (P.
Somogyi, A. J. Jenner, I. Brierley and S. C. Inglis, unpublished work). We looked for pausing by examining the size and distribution of incomplete polypeptide intermediates produced during the in vitro translation of pseudoknot-containing transcripts in rabbit reticulocyte lysates. If ribosomes tend to pause at a particular location during elongation, then incomplete products corresponding to stalling at this location should be relatively abundant in translation reactions arrested at a time when the ribosomes are passing through the region containing the pause site. Samples were removed from the translation reactions at intervals for analysis by gel electrophoresis. In order to simplify the pattern of intermediates observed, translation was synchronized by the addition of edeine, a potent inhibitor of initiation, 5 min after the start of the reaction.
Under these conditions, a pattern of translational intermediates was seen that included a clear product of the size expected for ribosomal pausing at the pseudoknot-forming sequence. This product was not seen during the translation of transcripts derived from a corresponding plasmid lacking the pseudoknot-forming sequence and, in addition, it was evident that most of the radioactivity in the 'pause' polypeptide disappeared as the translation of the RNA proceeded to completion, indicating that it was not a 'dead-end' product, but a true intermediate in translation. We concluded from these data that the presence of the pseudoknot-forming sequence can slow or stall temporarily the passage of the ribosome along the mRNA. As illustrated in Figure 1 , the peculiar structure of the pseudoknot arises from the interaction of two sets of complementary nucleotides forming two base-paired stems linked by two single-stranded loops. If the ribosomal pause is due to the ribosome encountering a pseudoknot, then it would be expected that destabilization of these base-paired stems, through mutation of the nucleotides making up one of the strands, should abolish the pausing. However, pausing should be restored by the introduction of compensatory mutations on the opposite strand that allow the stem to reform. A number of mutations designed to test this possibility have been prepared, and the results of translating mRNAs containing these mutated sequences are shown in Table 1 . Translation of RNAs from the mutant plasmids with destabilizing mutations in stem 1 did not produce an obvious paused product ( < 5% of the wild-type level) and pausing was at greatly reduced levels with the stem 2 mutants (12%). However, synthesis of the paused product was restored to the wild-type level in those constructs in which both mutations had been made and so the pseudoknot structure had been restored. These observations support the idea that the specific structure of the pseudoknot is essential for the arrest of ribosomal progress. We also tested whether a simple hairpin-loop structure containing a stem of the same length and base-pair composition as the stacked stems of the pseudoknot could substitute functionally for a pseudoknot in the pausing assay. In this case, some pausing was seen, but at a fivefold lower level than that seen with the pseudoknot. The increased pausing seen with the pseudoknot could
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The New Biology of Protein Synthesis Table I Levels of pausing and frameshifting at wild-type and mutant RNA pseudoknots and at a simple stem-loop structure
The extent of ribosomal pausing was estimated by measuring the intensity of the paused product and comparing it with that of the full-length protein synthesized in the same translation reaction. For the wild-type construct, about ten fold more full-length product was seen than paused product. This ratio was defined as 100% pausing.
Pseudoknot mutation
Relative reflect the inability of a hypothetical ribosome-associated RNA helicase to deal efficiently with the pseudoknot, or might be due to the presence of some kind of specific binding factor whose association with the pseudoknot could lead to transient ribosomal arrest. Further studies will be needed to clarify this point. An important question to address is whether the ribosomal pause described in these experiments is necessary and sufficient to explain the potentiating effect of the pseudoknot in ribosomal frameshifting. W e have tested the ability of the various mutants studied in the pausing assays to induce ribosomal frameshifting. To achieve this goal, the IRV slippery sequence (UUUAAAC) was introduced into each construct (by site-directed mutagenesis) six nucleotides upstream of the base of stem 1, and frameshifting was measured in nitro. The results are shown in Table 1 . For the wild-type minimal pseudoknot structure and the two doublemutant pseudo-wild-type constructs, frameshifting occurred at the wild-type level (40%). However, in those constructs with destabilizing mutations in stem 1 and stem 2, frameshifting was at greatly reduced levels. Thus, there appears to be a direct correlation between frameshifting and pausing. However, the simple stem-loop construct, although unable to stimulate high-level frameshifting, was able to produce significant pausing. It seems therefore that a pause in itself is not sufficient to account for the role of the RNA pseudoknot in the frameshift process. This conclusion, however, must be tempered by the consideration that the assay for pausing used, although revealing gross differences in the level of pausing, cannot address the possibility of subtle differences in the kinetics of pausing at pseudoknots and stem-loops that could be crucial for its biological effect. It is possible that some additional feature of the pseudoknot, apart from its ability to induce pausing, may be necessary for its dramatic effect on frameshifting, and this will be the subject of future studies.
tRNAs and frameshifting
In addition to the pausing studies, we have begun to investigate whether unusual tRNAs are involved in frameshifting. During the frameshift process, the tRNAs that decode the slippery sequence slip from the zero reading frame to the -1 frame, and remain paired to the -1 codon only at the first two positions of the tRNA anticodon (the non-wobble positions; see Figure 2 ). In naturally occurring frameshift systems, only a limited number of base triplets are found in the slippery sequences, and an examination of the frameshift properties of a number of slippery sequence mutants has revealed that not all combinations of nucleotide triplets give rise to a functional slip site. This has raised the possibility that only certain 'shifty' tRNAs are able to slip at the slippery sequence [ll] . The potential involvement of specialized tRNAs in frameshifting has been pointed to further by the observation that the presence of a G nucleotide at position 7 of the slip sequence (XXXYYYG) greatly reduces frameshifting in eukaryotic systems [16] , but not in prokaryotic systems [ 171. Hatfield and colleagues [3] have proposed a unifying hypothesis, suggesting that frameshifting is mediated by a specific subset of hypomodified variants of normally hypermodified tRNAs. These undermodified tRNAs would have a less bulky anticodon and therefore could move around more easily at the decoding site. T o investigate this, we expressed the IBV frameshift signal in a variety of E. coli mutant strains unable to modify their tRNAs fully. Our results indicate that in E. coli, tRNA anticodon hypomodification of itself does not necessarily result in increased frameshifting. From these experiments and our earlier in nitro studies [9] , we propose that the efficiency of frameshifting is determined, at least in part, by the strength of the tRNA-mRNA interaction before tRNA slippage; if this interaction is weak, then frameshifting is increased. On this basis, tRNA anticodon hypomodifiction would be likely to influence frameshifting in some cases, but probably as a result of modulating the strength of the interaction between the tRNA and its cognate codon, rather than by simply providing more space for anticodon movement.
